This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
DIAMOND: multicenter, 24-week, randomized trial investigating the effect of different once-daily, prolonged-release tacrolimus dosing regimens on renal function after de novo liver transplantation. Arm 1: prolonged-release tacrolimus (initial dose 0.2mg/kg/ day); Arm 2: prolonged-release tacrolimus (0.15-0.175mg/kg/day) plus basiliximab; Arm 3: prolongedrelease tacrolimus (0.2mg/kg/day delayed until Day 5) plus basiliximab. All patients received MMF plus a bolus of corticosteroid (no maintenance steroids). Primary endpoint: eGFR (MDRD4) at Week 24. Secondary endpoints: composite efficacy failure, BCAR and AEs. Baseline characteristics were comparable. Tacrolimus trough levels were readily achieved posttransplant; initially lower in Arm 2 versus 1 with delayed initiation in Arm 3. eGFR (MDRD4) was higher in Arms 2 and 3 versus 1 (p ¼ 0.001, p ¼ 0.047). Kaplan-Meier estimates of composite efficacy failure-free survival were 72.0%, 77.6%, 73.9% in Arms 1-3. BCAR incidence was significantly lower in Arm 2 versus 1 and 3 (p ¼ 0.016, p ¼ 0.039). AEs were comparable. Prolonged-release tacrolimus (0.15-0.175mg/kg/day) immediately posttransplant plus basiliximab and MMF (without maintenance corticosteroids) was associated with lower tacrolimus exposure, and significantly reduced renal function impairment and BCAR incidence versus prolonged-release tacrolimus (0.2mg/kg/ day) administered immediately posttransplant. Delayed higher-dose prolonged-release tacrolimus initiation significantly reduced renal function impairment compared with immediate posttransplant administration, but BCAR incidence was comparable.
Introduction
Tacrolimus is accepted as the mainstay of immunosuppression in liver transplantation. Results from a previous study suggested that delayed introduction of reduceddose, immediate-release tacrolimus (BD) coupled with interleukin-2 receptor blockade, mycophenolate mofetil (MMF) and corticosteroids was associated with significantly reduced impairment of renal function and incidence of acute rejection (AR) versus tacrolimus BD at a higher dose (without delay) plus corticosteroids in liver transplant recipients (1).
The DIAMOND (ADVAGRAF TM studIed in combinAtion with MycOphenolate mofetil aND basiliximab in liver transplantation) study investigated renal function with once-daily, prolonged-release tacrolimus (Advagraf)-based immunosuppression in de novo liver transplant recipients. It was designed to determine whether regimens with delayed introduction of prolonged-release tacrolimus until Day 5 or a reduced initial dose of prolonged-release tacrolimus improved renal function versus prolonged-release tacrolimus given at an initial dose of 0.2 mg/kg/day immediately posttransplant.
Materials and Methods

Study design (clinical trials.gov; NCT01011205)
DIAMOND was a multicenter, 24-week, randomized, open-label, parallelgroup, Phase IIIb study conducted at 72 sites in 23 countries between September 2009 and January 2013. The study was conducted in accordance with the Declaration of Helsinki, Good Clinical Practice, International Conference on Harmonisation guidelines and applicable laws and regulations. An independent ethics committee from each study center granted approval before initiation. Written informed consent was obtained from all participants.
Eligible patients were 18 years or older and underwent primary orthotopic or split liver transplantation. Patients were excluded from the study if they received a multi-organ transplant, an ABO incompatible graft, or a graft from a non-heart beating donor. Patients were also excluded if they had received a previous transplant, or were receiving ongoing systemic corticosteroids. There were no restrictions on donor age, cold ischemia time or renal function.
Randomization and masking
The randomization sequence was prepared by Astellas Pharma Europe Ltd, UK and coordinated centrally using an interactive voice response system to randomize eligible patients to one of three treatment arms (1:1:1). Treatment allocation was stratified according to study center and hepatitis C virus status of the recipient.
Procedure
According to the randomization schedule, patients received prolongedrelease tacrolimus (Advagraf; Astellas Pharma Europe Ltd, UK) at an initial dose of 0.2 mg/kg/day on Day 1 posttransplant (Arm 1), prolonged-release tacrolimus at an initial dose of 0.15-0.175 mg/kg/day on Day 1 posttransplant (Arm 2), or prolonged-release tacrolimus at an initial dose of 0.2 mg/kg/day on Day 5 posttransplant (Arm 3; Figure 1 ). For Arms 1 and 2, the first dose of prolonged-release tacrolimus was administered in the morning post-liver transplant or within 18 h of skin closure. Subsequent oral doses of prolonged-release tacrolimus were allowed in the morning after Day 1. For all arms, prolonged-release tacrolimus was administered orally in one dose/day and adjusted based on clinical efficacy and tolerability, taking into account the recommended trough concentrations. Measurements of tacrolimus whole blood trough levels were not centralized. Tacrolimus whole blood trough levels were monitored using microparticle enzyme immunoassay (IMX 1 ), chemiluminescent microparticle immunoassay (Abbott Diagnostics), enzyme-multiplied immunoassay, antibody-conjugated magnetic immunoassay (Siemens Diagnostics), or high-performance liquid chromatography tandem mass spectrometry, according to local practice. Target tacrolimus trough levels were 5-15 ng/mL until Day 42, from Days 43-168 were 5-12 ng/mL in Arms 1 and 3, and 4-12 ng/mL in Arm 2. For patients in Arm 2, if at Day 43 a patient had not received treatment for an acute rejection (AR) episode and the last trough level recorded was ! 5 ng/mL, their tacrolimus dose was reduced by 20-25%.
In Arms 
Primary efficacy variable
The primary endpoint was renal function estimated by GFR (MDRD4) at Week 24. Arms 2 and 3 were tested for non-inferiority of mean eGFR versus Arm 1. 
Safety
Adverse events (AEs) and laboratory parameters were monitored throughout the study. Safety assessments included treatment-emergent AEs (TEAEs), fatal TEAEs, and AEs by gender. Comedications were classified into therapeutic groups, such as antihyperlipidemic and antihypertensive medications; medications that could be prescribed for > 1 indication were included in these groups. Diabetes mellitus was defined as elevated fasting blood glucose levels of > 7 mmol/L (2) on ! 2 occasions or by the administration of long-term antidiabetic treatment.
Statistical analyses
A planned sample size of 900 patients (300/group) provided 80% power to detect a difference of ! 10% between groups, assuming a 10% exclusion rate from the per-protocol set (PPS; all randomized patients who received ! 1 dose of study drug, were transplanted, and did not have a major protocol violation). If non-inferiority was demonstrated, then 900 patients were considered sufficient to test superiority for renal function.
To prove non-inferiority, a 10% difference in mean eGFR (MDRD4), which corresponds to a non-inferiority margin of 6 mL/min/1.73m 2 , was considered to be within the range in which a meaningful clinical difference between regimens would become apparent (based on N ¼ 900, with a 10% dropout rate to give 269 evaluable patients/arm; 80% power to detect a difference). Non-inferiority was demonstrated if the lower limit of the 95% confidence interval (CI) for the difference in renal function was above -10% for Arms 2 and 3 versus Arm 1 at Week 24 (PPS). The Bonferroni-Holm method was applied for multiple comparisons. If non-inferiority was satisfied, superiority was tested using the full-analysis set (FAS; all randomized transplanted patients who received ! 1 dose of study drug).
Primary analysis of efficacy data was undertaken on the PPS and the FAS, using least-square (LS) means. Mean (SD) eGFR (MDRD4) in Arms 2 and 3 were compared for non-inferiority with Arm 1 at Week 24, using analysis of covariance (ANCOVA) with Dunnett's adjustment for multiplicity. CIs were displayed two-sided at a 95% level. Secondary analyses of renal function were analyzed using the FAS at Week 24. Composite efficacy failure, graft and patient survival, AR, and BCAR were analyzed by Kaplan-Meier procedures using the modified intent-to-treat (mITT) population. The mITT and safety-analysis set (SAF) were defined as all patients who were transplanted. The primary and secondary endpoints were calculated using the adjusted means. The subanalysis of eGFR (MDRD4) at Week 24 stratified by baseline MELD score was calculated using unadjusted means (FAS). Safety analyses were performed on the SAF. For all comparisons, p < 0.05 was considered statistically significant.
Results
Patient and donor demographics
Overall, 857 patients were transplanted and included in the SAF ( Figure 2 ). The FAS consisted of 844 patients, 615 (72.9%) of whom completed the study. The main reason for discontinuation from the FAS in all arms was AEs. Patient demographics and baseline characteristics were similar between arms (Table 1) .
Dosing and exposure
Consistent with the study protocol, mean prolongedrelease tacrolimus dose was lower in Arm 2 versus Arm 1 in the immediate posttransplant period but similar by Day 6 (Supplementary Table S1 ). Prolonged-release tacrolimus was delayed until Day 5 in Arm 3; between Days 5 and 21 mean doses were higher in Arm 3 versus Arms 1 and 2. By Day 28, doses were generally comparable in all arms (Supplementary Table S1 ). Mean (SD) tacrolimus dose in Arm 2 was 0.125 (0.073) mg/kg at Day 35, 0.121 (0.073) mg/ kg at Day 49, and 0.096 (0.061) mg/kg at Day 168, indicating that dose reduction did not occur for the large majority of patients, even though this was specified in the study protocol. Mean (SD) doses of prolonged-release tacrolimus at Day 168 in Arms 1 and 3 were 0.090 (0.059) and 0.095 (0.061) mg/kg, respectively.
Tacrolimus trough levels were readily achieved immediately posttransplant ( Figure 3a ). Mean tacrolimus trough levels in Arm 2 were lower versus Arm 1 for the first 2 weeks posttransplant and remained marginally lower until Day 28. Three patients in Arm 3 received prolonged-release tacrolimus before Day 5, resulting in a mean tacrolimus trough level of 0.57 ng/mL at Day 5. By Day 8, 3 days after prolonged-release tacrolimus initiation, mean (SD) tacrolimus trough levels for Arms 1 and 3 were generally comparable. By Day 28, trough levels were comparable for Arms 1 and 2, and comparable for Arm 3 by Day 35 (Figure 3a) . Trough levels remained similar between arms for the remainder of the study and were 8.14 (3.168) ng/mL, 8.24 (2.894) ng/mL, and 8.33 (3.149) ng/mL in Arms 1-3, respectively at Day 168 (Figure 3b ). Similar patterns were observed for median tacrolimus dose and exposure (Supplementary Table S2 ). In all arms, the majority of patients had tacrolimus trough levels of 5-15 ng/mL throughout the study (Supplementary Table S3 ).
Mean doses of MMF (Arms 1-3) and basiliximab (Arms 2 and 3) were comparable between arms throughout the study. Mean and median doses of corticosteroids were comparable peri-operatively, but fewer patients received corticosteroids for AR in Arm 2 versus Arms 1 and 3 (9.4% vs. 14.8% and 14.2%). Mean (SD) cumulative dose of corticosteroids was 1,373 (1,566) mg, 1,177 (1,235) mg, and 1,407 (1,610) mg for Arms 1-3. In total, 10.6%, 12.2%, and 10.6% of patients in each arm did not receive corticosteroids.
Primary efficacy endpoint (FAS)
Non-inferiority was established for eGFR (MDRD4) at Week 24 for Arms 2 and 3 versus Arm 1 (PPS); hence data analyses for superiority testing are presented. Renal function at Week 24, estimated by GFR (MDRD4), Figure 4a ).
Secondary efficacy endpoints Renal function (FAS):
As per the primary endpoint, eGFR (CKD-EPI) was significantly higher in Arm 2 and 3 versus Arm 1. CrCl (Cockcroft-Gault) was significantly higher in Arm 2 versus 1 but not in Arm 3 versus 1 ( Table 2) . No significant differences were observed between arms for : interruption of study medication > 7 consecutive days (two patients), SAE (one patient), and received mycophenolic acid (one patient); AEs were given as the primary reason for discontinuation by the study investigators. The types of AEs leading to discontinuation were not reported, as patients may have had multiple AEs at the time of discontinuation. AE, adverse event; FAS, full-analysis set; mITT, modified intent to treat; MMF, mycophenolate mofetil; PPS, per-protocol set; SAF, safety-analysis set; SAE, serious adverse event. Results are shown as mean (SD) unless otherwise indicated. Patients with missing baseline data were excluded from these analyses for Arms 1-3, respectively: *n ¼ 282, n ¼ 287, n ¼ 274; estimated (cystatin C) or measured (iohexol clearance) renal function ( Table 2 ).
Owing to technical constraints, iohexol clearance and cystatin C measurements were performed on a relatively small number of patients. It is possible that these measurements were conducted in a subset of patients with better renal function, giving rise to selection bias. In order to remove such biases, a subanalysis evaluating eGFR (MDRD4) was performed in the subset of patients who were assessed for eGFR (MDRD4), cystatin C, and iohexol clearance. A total of 472 patients (55.9%) had all three GFR assessments: 159 (56.2%) in Arm 1, 163 (56.8%) in Arm 2, and 150 (54.7%) in Arm 3. The LS means of eGFR (MDRD4) were 80.7, 86.4, and 83.5 mL/min/ 1.73m 2 for Arms 1-3, respectively (Arm 2 vs. 1: p ¼ 0.080, Arm 3 vs. 1: p ¼ 0.555, Arm 2 vs. 3: p ¼ 0.539). These results are in line with eGFR (MDRD4) results obtained for the FAS, and therefore suggest that the potential for selection biases was low.
Other secondary endpoints (mITT and SAF): KaplanMeier estimates of composite efficacy failure-free survival at Week 24 are presented in Table 2 and Figure 4b . The incidence of graft and patient survival at Week 24 was comparable between arms (Table 2 ). In total, 44 (5.1%) patients died during the study; an additional 45 patients died between early withdrawal and the 24-week follow-up. The most common causes of death were infection (4.2%, 4.1%, and 4.3% for Arms 1-3) and cardiac events (1.0%, 3.1%, and 0.4%). Kaplan-Meier estimates of mortality at Weeks 4 and 12 were comparable for all arms (Week 4: 4.9%, 4.5%, and 4.7%; Week 12: 8.2%, 8.4%, and 7.3% for Arms 1-3). There were no differences in the overall incidence of mortality (p ¼ 0.067) or the main cause of death (infections: 4.6% vs. 3.2%) between gender.
The incidence of AR and BCAR was low across arms, with more patients in Arm 2 having significantly higher rejectionfree survival versus Arms 1 and 3 at Week 24 ( Table 2 ). The majority of BCAR episodes were mild or moderate in severity. Fewer patients in Arm 2 required corticosteroid treatment for AR versus Arms 1 and 3 (9.3% vs. 14.5% and 14.1%). Less than 2% of patients experienced steroidresistant BCAR in each arm.
Subanalysis by baseline MELD
A total of 99 patients in the FAS had a MELD score ! 25 at baseline (n ¼ 29, 35, and 35 in Arms 1-3). For patients with a MELD score ! 25 at baseline (calculated retrospectively), the mean (SD) change in eGFR at Week 24 was -13.7 (39.1), þ3.5 (56.9), and À4.4 (39.9) mL/min/ 1.73m 2 in Arms 1-3, respectively (Arm 2 vs. 1: p ¼ 0.157, Arm 3 vs. 1: p ¼ 0.443). For patients with a MELD score < 25 at baseline (n ¼ 239, 238, and 217 in Arms 1-3), the mean (SD) change in eGFR at Week 24 was significantly lower in Arms 2 and 3 versus 1 (-24.1 (40.2) and -26.2 (39.2) vs. -33.6 (39.2) mL/min/1.73m 2 ; Arm 2 vs. 1: p ¼ 0.009, Arm 3 vs. 1: p ¼ 0.048); while it was comparable in Arm 2 versus 3 (p ¼ 0.574).
Health-related quality of life (mITT) HR-QoL was similar across all arms throughout the study, with a large proportion of patients having EQ5D index summary scores between 0.5 and 1. The improvements from baseline to Week 24 in EQ5D summary index scores were similar between arms at Week 24 (0.163, 0.156, and 0.176 in Arms 1-3). Categorical responses to the items of the EQ5D questionnaire were also comparable between arms.
Safety outcomes (SAF)
The incidence of TEAEs was similar between arms ( Table 3 ). The incidence of diabetes mellitus posttransplant was low throughout the study and no major neurological disorders were reported (Table 3) . Cardiovascular disorders occurred in 22.5%, 23.0%, and 20.2% of patients in Arms 1-3.
Discussion
Results from the DIAMOND study showed that oncedaily, prolonged-release tacrolimus plus MMF (with and without basiliximab) and a single bolus of corticosteroid is efficacious and has a manageable tolerability profile in de novo liver transplant recipients over 24 weeks of treatment. Prolonged-release tacrolimus initiated at a dose of 0.15-0.175 mg/kg/day immediately posttransplant, with a subsequent lower tacrolimus exposure over the first month, was associated with a significant Results are reported in ! 10% of patients and shown as n (%); SAF, safety-analysis set. *Diabetes mellitus was defined as elevated fasting blood glucose levels of > 7 mmol/L (2) on two or more occasions or by the administration of long-term antidiabetic treatment. y Medications that could be prescribed for more than one indication are included.
Advagraf TM in Liver Transplantation reduction in impairment of renal function and a significantly lower incidence of BCAR versus a higher initial dose, prolonged-release tacrolimus-based regimen administered immediately posttransplant (Arm 1). Delaying the initiation of a higher dose prolonged-release tacrolimus-based regimen (Arm 3) also significantly reduced renal function impairment versus immediate posttransplant administration; however, the incidence of BCAR was comparable between the two arms. The incidence of mortality was also comparable between arms, and there were no significant differences in mortality between genders. In a previous study, female liver transplant recipients were reported to have higher mortality with prolonged-release tacrolimus than males, although this may have been a chance finding as no explanation for this gender imbalance was apparent (3).
Mean target tacrolimus trough levels were achieved early after prolonged-release tacrolimus initiation (within 2 days) in all arms, indicating that prolonged-release tacrolimus is readily absorbed early after administration. Although the study protocol specified a dose reduction in Arm 2 at Day 43, this did not occur in the majority of patients. This may indicate that physicians are reluctant to reduce the dose of tacrolimus in liver transplant recipients who are considered stable on their current immunosuppressive regimen.
In this study, using an initial lower dose of prolongedrelease tacrolimus or delaying initiation of a higher dose of prolonged-release tacrolimus (both resulting in lower tacrolimus exposure), without maintenance steroids, significantly improved renal function as estimated by GFR (MDRD4), versus a prolonged-release tacrolimus-based regimen given at a higher initial dose immediately posttransplant. A similar pattern was also observed when renal function was measured by Cockcroft-Gault and CKD-EPI methods. For renal function estimated by cystatin C and measured by iohexol clearance, there was no statistical difference between arms at Week 24. Renal function estimated by cystatin C was conducted at the end of the study, and may have been overlooked when evaluating patients who had withdrawn from treatment prematurely. In addition, the iohexol clearance test is a renal function test that is generally not routinely employed in liver transplant centers and was unfortunately omitted in a significant number of patients in this study. Nevertheless, a subanalysis in which eGFR (MDRD4) was performed in the subset of patients in whom renal function was assessed by eGFR (MDRD4), cystatin C, and iohexol clearance, showed a pattern consistent with that of the FAS population. It is well documented that all prediction equations for measuring renal function have their own limitations. In the absence of an absolute measure without bias, due to its sensitivity and ease of use eGFR (MDRD4) may remain the choice for measuring renal function in these populations, while additional analyses can be of benefit to assess the sensitivity of the data.
The observation that renal function was improved in Arms 2 and 3 versus 1 in the DIAMOND study suggests that tacrolimus exposure (or delayed exposure) early posttransplant is a critical factor for preserving renal function over the longer term. This may be counterintuitive given that tacrolimus levels towards the end of the study were comparable between arms, and had been so for approximately 5 months. One would expect that the benefit of prolonged-release tacrolimus dose reduction or delayed introduction of high-dose, prolonged-release tacrolimus in terms of acute nephrotoxic relief would not translate into better renal function at Week 24. It is possible, therefore, that the early posttransplant period represents a critical time whereby reducing or delaying tacrolimus exposure may be beneficial.
The incidence of patients free from composite efficacy failure at Week 24 was comparable between arms. The incidence of AR and BCAR were comparable to previously reported clinical trials with tacrolimus (3, 4) and episodes were mainly mild or moderate in severity. Although it would be reasonable to expect that reducing the dose of immunosuppression may lead to an increase in the incidence of AR, especially in regimens without maintenance corticosteroids, Arm 2 was associated with a significantly lower incidence of AR and BCAR versus Arms 1 and 3. As basiliximab also plays a role in preventing AR, the addition of basiliximab to lower dose prolongedrelease tacrolimus (Arm 2) may help to explain the significant reduction in AR and BCAR versus Arm 1, where prolonged-release tacrolimus was administered without basiliximab. However, basiliximab was also administered in Arm 3. These data suggest that administering prolongedrelease tacrolimus immediately posttransplant is important in preventing AR. The addition of basiliximab also confers a clinical benefit in terms of AR, providing patients are also receiving prolonged-release tacrolimus.
Other studies have shown that a reduced dose of corticosteroids or their complete withdrawal following liver transplantation does not affect the incidence of AR (5), and may provide some benefit in reducing steroid-related AEs. Although maintenance corticosteroids were not utilized in the current study, rates of AR and BCAR were low, as was the reported incidence of diabetes. This suggests that a single bolus of corticosteroids is sufficient as part of a prolonged-release tacrolimus plus MMF-based regimen to provide effective immunosuppression following liver transplantation.
The tolerability profiles and incidence of AEs were comparable between arms and no new safety signals were observed. Of particular interest was the low reported incidence of diabetes mellitus throughout this study. In the ReSpECT study, where patients received tacrolimus BD at different dosages or delayed until Day 5, the incidence of diabetes mellitus was higher in all arms compared with the current study (1). However, comparisons between these two trials should be performed with caution, given the differences in study designs and tacrolimus formulations. As corticosteroid use post-liver transplantation has previously been associated with an increase in the incidence of diabetes (6) , it is possible that the low incidence of diabetes was due to the use of the maintenance corticosteroid-free protocols employed.
In addition to the usual limitations of an open-label study and the short study duration, a high number of patients enrolled in the DIAMOND study had eGFR > 60 mL/min/ 1.73m 2 at baseline, which may not be reflective of the overall European liver transplant population. Interestingly, there were still differences in renal function observed between arms even in populations with favorable pretransplant renal function. The subanalysis by MELD score at baseline showed that the mean change in eGFR (MDRD4) over the 24-week period was significantly less in Arms 2 and 3 versus 1 in patients with MELD score < 25 at baseline. MELD scores for the subanalysis were, however, calculated retrospectively and were lower than expected for the patient population in this study. This may have been due to the under-reporting of pre-transplant dialysis status in the study centers.
Results from this study indicate that prolonged-release tacrolimus plus MMF-based immunosuppression, with a single bolus of corticosteroid, is efficacious with a manageable tolerability profile in de novo liver transplant patients. Prolonged-release tacrolimus at a dose of 0.15-0.175 mg/kg/day, and subsequent lower exposure, initiated immediately post-liver transplant was associated with reduced impairment of renal function and a significantly lower incidence of BCAR versus a higher initial dose prolonged-release tacrolimus-based regimen administered immediately posttransplant. Delaying the initiation of a higher dose prolonged-release tacrolimus-based regimen also significantly reduced renal function impairment compared with immediate posttransplant administration; however, the incidence of BCAR was comparable between arms. As these data were powered to assess superiority, this observation has the potential to markedly influence current clinical practice. Results from this study indicate that early tacrolimus exposure, in the immediate posttransplant period, may be critical in maintaining renal function over the long term. Avoiding the use of maintenance steroids in prolonged-release tacrolimus plus MMF-based regimens had no apparent detrimental effect on the incidence of acute rejection, and may have contributed to a low reported rate of NODM after transplantation.
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